In the frame of a systematic study of the activation cross sections of charged particle induced nuclear reactions on rare earths for production of therapeutic radionuclides, proton induced reactions on neodymium were measured up to 65 MeV energy, above 45 MeV for the first time. The excitation functions of the nat Nd(p,x) 150,149,148m,148g,146,144,143,141 Pm, 149,147,141,140,139m,138 Nd, 142,138m Pr and 139g Ce nuclear reactions were assessed by using stacked foil activation technique and high resolution c-spectrometry. The excitation functions were compared to the theoretical predictions, available in the TENDL-2015 library based on latest version of the TALYS code. The application of the data for medical isotope production is shortly discussed.
Introduction
This work was performed in the frame of a systematic study of charged particle induced production routes of medical radioisotopes. Numerous radioisotopes of lanthanides exist in standard medical practice or are considered as emerging. Among new nuclides suitable for therapeutic purposes [1] [2] [3] [4] [5] [6] [7] [8] [9] the radionuclide 149 Pm (T 1/2 = 53.1 h)-149 Nd (T 1/2 = 1.728 h) generator pair, 140 Nd (T 1/2 = 3.37 days), and 139 Ce(T 1/2 = 137.641 days) were found to offer unique properties suitable for therapy and the daughter nuclide 140 Pr (T 1/2 = 3.4 min) offers the additional advantage of in vivo localization via positron emission tomography (PET). We already investigated the production routes of these radionuclides by using deuteron induced reactions on neodymium [10] . We also have investigated possible production routes of these radionuclides via proton and deuteron induced reactions on La [11] , Ce [12, 13] and Pr [14, 15] .
Searching the literature for activation cross sections of proton induced nuclear reactions on neodymium, three works have been found up to 38 MeV, i.e. by Lebeda et al. [16, 17] , and the recent data of the Korean group up to 45 MeV protons [18] [19] [20] .
Thick target yield data up to 12 MeV were reported by Muminov et al. [21] for production of 142 Pm and by Dmitriev and Molin at 22 MeV for production of 142, 143, 144, 148 Pm [22] .
Experiment and data evaluation
For measurements the well-established activation method, stacked foil irradiation technique and high resolution cspectrometry were used. Neodymium metal foil targets, interleaved with Al and Ti beam monitor foils and Hg containing targets throughout the stack, were irradiated at UCL (LLN) cyclotron at 65 MeV and at VUB cyclotron at 15 MeV proton beam. (see Table 1 ). Complete excitation functions were measured for the monitor reactions to control the beam intensity and the energy. The main experimental parameters and methods of data evaluation are collected in Tables 1 and 2 . The comparison of the re-measured monitor reactions and the recommended data were reported in our recent paper on activation cross sections of proton induced nuclear reactions on mercury [23] . The decay characteristic of the investigated reaction products and the contributing reactions are summarized in Table 3 . The irradiations were done in 2015. The original irradiation plan contains a 36 MeV irradiation, but due to target problems the irradiation was not done finally, which resulted [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] 
Results

Cross sections
The cross-sections for all the reactions investigated are shown in Figs. 1, 2 , 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 and 17 and the numerical values are collected in Tables 4 and 5 . The experimental data are also compared with the cross section data reported in the TALYS based [34] TENDL-2015 On-line Data Library [35] .
In some cases the experimental results of these investigations have larger uncertainties, due to several reasons. The high energy accelerator has limited availability, therefore during the day of the experiment a large number of the target foils were irradiated and the gamma spectra were measured in another institute situated in another city. During the time period of the irradiations and the time period required to the target transport, and for the separation of the targets from the stacks the short-lived isotopes have decayed out. We could use only two detectors simultaneously, therefore a few series of targets should stay on waiting list (or only every second target foil were measured in the first series). The cooling times for the different series of measurements are indicated in Table 1 . As a detailed discussion on production routes and contributing reactions can be found in the earlier report of Lebeda et al. [16, 17] and Yang et al. [18] [19] [20] , we discuss them only briefly here to avoid repetitions. [16, 17] , Yang et al. [19] and with the TENDL-2015 prediction is acceptable good (Fig. 2) Only the 150 Nd(p,2n) reaction contributes to the production.
Production cross sections of 148m Pm
The 148 Pm has two long-lived isomeric states: the 148m Pm (T 1/2 = 41.29 days) and the 148g Pm (T 1/2 = 5.368 days). The higher laying state has only small internal decay fraction (IT: 4.2%). There is good agreement with the earlier experimental data (Fig. 3) . The 148 Nd(p,n) and the 150 Nd(p,3n) reactions contribute to the production of both isomeric states. The TENDL predictions systematically underestimate the 150 Nd(p,3n) formation of the metastable state (see also discussion for ground state).
Production cross sections of 148g Pm
The cross sections for the direct production of the 148g Pm (T 1/2 = 5.368 day) (after correction for the small contribution from the decay of the 148m Pm) are shown in Nd as shown in the excitation function with three distinct maxima. There is an energy shift between the earlier experimental data set of Lebeda [16, 17] , but the agreement is considered acceptable by comparing to other activation measurements of Yang [19] (Fig. 5 ). TENDL-2015 shows an energy shift becoming more obvious with increasing bombarding energy.
Production cross sections of 144 Pm
The maximum of first four contributing reactions of 144 Pm (T 1/2 = 365 days) can be seen in the Fig. 6 . The agreement between all experimental datasets of Yang [19] and also with the theory is good both in shape and in magnitude.
Production cross sections of 143 Pm
The (p,xn) reactions on stable isotopes of 143, 144, 145, 146, 148, 150 Nd participate in the production of Fitted monitor reaction (final) [27] Decay data (see Table 2 ) NUDAT 2.6 [28] Reaction Q-values (see Table 3 ) Q-value calculator [29] Determination of beam energy Andersen (preliminary) [30] Fitted monitor reaction (final) [22] Uncertainty of energy Cumulative effects of possible uncertainties (primary energy, target thickness, energy straggling, correction to monitor reaction) [16, 17] . The data of Yang et al. [20] are systematically higher by around 30% (Fig. 7) . The description by TENDL-2015 is acceptable.
Production cross sections of 141 Pm
Due to the relatively short half-life (T 1/2 = 20.9 min) under our experimental circumstances we could get only two cross section data points in the low energy irradiation near the reaction threshold (Fig. 8) .
Production cross sections of 149 Nd
The measured cross sections refer to cumulative production of 149 Nd (T 1/2 = 1.728 h): directly via 150 Nd(p,pn) reaction and from the complete decay of the short-lived 149 Pr (T 1/2 = 2.26 min). According to the theory the contribution from the 149 Pr decay is small. The tendency and the magnitude of the experimental and theoretical data are similar, but there is systematic shift in the energy (Fig. 9) . The shape of the TENDL curve is acceptable but it underestimates the experiment under 25 MeV and overestimates above this energy. For production of 147 Nd (T 1/2 = 10.98 days) the earlier and the present results show excellent agreement (Fig. 10) . The cross sections are cumulative, as a contribution from shortlived 147 Pr (T 1/2 = 13.4 min) exists. At higher energies, above 30 MeV, the theory overestimates the experimental data.
Production cross sections of 141 Nd
The ground state of 141 Nd (T 1/2 = 2.49 h) is produced directly, from 141 Pm (EC decay, T 1/2 = 20.90 min) and through the short-lived 141m Nd (T 1/2 = 62.0 s, IT: 99.95%) isomeric state. We have deduced cumulative cross section data (Fig. 11) . Lebeda et al. [16, 17] reported independent cross section data for production of 141 Nd (m?).To get cumulative data for comparison we summarized the 141 Pm Nd cross-section data published in [16, 17] (Fig. 11) , and got acceptable agreement. The approximation of the TENDL theoretical data is acceptable good.
Production cross sections of 140 Nd
The 140 Nd (T 1/2 = 3.37 days, e: 100%) is produced directly and through the decay of 140 Pm (T 1/2 = 9 s, e: 100%). As 140 Nd has no gamma-lines, the cross-sections were determined through assessment of the short half-life 140 Pr (T 1/2 = 3.39 min) daughter isotope. In the comparison with earlier data of Lebeda et al. [16, 17] , a slight energy shift can be observed near the threshold (Fig. 12 ). An even larger shift is seen in the TENDL-2015 prediction in the opposite direction.
Production cross sections of 139m Nd
Out of the two long-lived isomeric states we obtained cross sections for production of 139m Nd higher lying high spin 
Production cross sections of 138 Nd
No earlier experimental data were found for the production cross-sections of 138 Nd (T 1/2 = 5.04 h). The measured cross-sections are cumulative they include the contribution from the 138 Pm decay (T 1/2 = 3.24 min, e: 100%) (Fig. 14) . Energy shift with TENDL-2015 predications can be observed. cumulative (m?). They include the contribution from the decay of the isomeric state. Our data are systematically higher, compared to the literature experimental data in the overlapping energy range, but the uncertainty of our results are high (Fig. 15) .
Production cross sections of 138m Pr
Out of the longer-lived states, we deduced independent production cross-sections for 138m Pr (T 1/2 = 2.12 h) as isobaric possible parent 138 Nd (T 1/2 = 5.04 h) decays only to 138g Pr (T 1/2 = 1.45 min). The agreement with the earlier experimental data and with the theory is acceptable (Fig. 16) .
Production cross sections of 139g Ce
The main contributions of the measured cumulative crosssections for the long-lived ground state 139 Pr (T 1/2 = 4.41 h) parent decay chain (Fig. 17) . The direct 
Integral yields
The calculated integral yields (integrated yield for a given incident energy down to the reaction threshold) are shown in Figs. 18 and 19 in comparison with experimental integral thick target yields found in the literature. Our thick target yields were calculated from fitted curves to our experimental cross-section data and some literature data with acceptable agreement with ours in order to fill the hole between our two series. In the case of Yang data [19] thin target yields were published, which should be converted into thick target yields. The results represent so called physical yields (obtained in an instantaneous irradiation time) [32, 33] . In Fig. 18 . A good agreement is seen between our and the literature data, except in the lower energy region, where the literature cross section data are also higher. It is also seen that the difference in the low energy (and low cross section) region does not influence a lot the agreements in the higher energy region in most cases. In Fig. 19 , in the case of Nd, Pr and Ce radioisotopes the literature data of Yang [19] are systematically higher, which is the consequence that the cross section data are also higher.
Applications
Radioactive lanthanides have a great potential in nuclear medicine, both in radiotherapy and diagnostic. Out of the investigated reaction products the 149 Pm (T 1/2 = 53.1 h) and 140 Nd (T 1/2 = 3.37 days) radioisotopes have potential interest in nuclear medicine while 139 Ce is used as a calibration source. The measured data can be used for optimization of the production routes of these radionuclei. The Auger electron emitter 149 Nd has good nuclear properties with potential for endo-radiotherapeutic applications. The decay of 140 Pr (3.39 min) daughter offers the possibility of using positron emission tomography (PET) to quantify 140 Nd. When using the presently investigated proton induced reactions on Nd the yield would be high, but the product is carrier added. 139 Ce is a long-lived radioisotope emitting a single high intensity, low energy, c-line, optimal for applications connected to calibration of different detectors used in nuclear medicine and nuclear physics. Fig. 19 the nat Nd(p,x) reaction has a high production yield at high energy accelerators (100-40 MeV).
Summary and conclusions
In this work proton induced cross sections were measured on natural neodymium targets up to 75 MeV bombarding energy in two series. Because of a failure in the irradiation plan the values between 14 and 29 MeV are missing from From the measured excitation functions thick target physical yields were also deduced and compared with the literature data. In the case of Pm radioisotopes generally an acceptable agreement was seen between our data and the Nd, 139 Ce) were also discussed emphasizing on the possible production routes.
